Abstract The aim of this study was to evaluate metal binding and antioxidant activities of hydrolyzed oat bran proteins followed by the determination of peptide sequences. Protamex oat bran protein hydrolysates (OBPH) were separated by reverse-phase HPLC into eight peptide fractions (F1-F8) and their abilities to either chelate metals (Fe 2? , Ca 2? ) or prevent the oxidation of lipids were investigated. In the Fe 2? chelation assay, OBPH had significantly (p \ 0.05) higher activity (39.7 %) than the best performed fraction F7 (22.8 %). The second most active was F5 with 12.1 % chelating activity and this was higher than the activity of the tripeptide glutathione (5.8 %) used as control. The two most Fe 2? chelating fractions (F5, F7) however had weak calcium binding (0.6-1.0 %) properties at peptide concentration ranging from 0.2 to 1.0 mg/mL. In the lipid peroxidation assay, OBPH and all HPLC fractions prevented the oxidation of linoleic acid. More than 60 peptides mainly derived from globulin and avenin proteins were identified using tandem mass spectrometry.
Introduction
The reduction of molecular oxygen under various conditions (e.g. respiration, light, presence of metals, irradiation) can lead to the formation of reactive oxygen species like superoxide anion, peroxyl and hydroxyl radicals in addition to non-radicals such as hydrogen peroxide and singlet oxygen (Schneider and Reischak de Oliveira 2009) . Further reactions of partially reduced oxygen (i.e. superoxide anion radical) can also lead to the formation of nitrogen-containing reactive species including nitric oxide, peroxynitrite and nitric dioxide (Reuter et al. 2010) . Under normal conditions, reactive species are essential for several physiological functions such as control of cells proliferation, growth, immune system modulation, and infection (Brieger et al. 2012) . Excessive production of reactive species in vivo can however result in oxidative stress and subsequent damage to DNA, proteins, enzymes and lipids (Pinchuk et al. 2012) . In foods, damages to molecules lead to rancidity and reduce shelf life. Antioxidant molecules have been proven to be useful in preventing or minimizing the harmful effect of reactive species by converting them to stable entities (Kumar 2011) . Many works have been done to demonstrate the role that polyphenols from fruits, legumes and grains can have in preventing oxidation of foods and body molecules thereby reducing the risk of chronic diseases or increasing shelf life (Hu and Willett 2002; Lehtinen et al. 2003) .
Research has also been done to determine the biological function of peptides naturally occurring in foods and from the breakdown of proteins. For example, antioxidant activities have been found for peptides or hydrolysed proteins from milk (Meisel 2004) , fish (Girgih et al. 2013) , chickpeas (Chang et al. 2011) , walnuts (Chen et al. 2012) , wheat germ (Zhu et al. 2006) , or soybeans (Rho et al. 2007 ). Food peptides, like those from milk and soy (Bao et al. 2007 ) can also enhance the absorption of calcium, a metal important for proper bone density and muscle function (Chen et al. 2014) . Recently, it was demonstrated that the protease Protamex at various concentrations yielded digested oat bran proteins with radical scavenging properties (Gao et al. 2014) . The activity of fractions from chromatographic separations has not yet been investigated. The objective of this study was then to investigate the mineral binding capacity and the antioxidant activity of fractions from Protamex digested oat bran proteins in addition to the determination of the sequence of peptides. 
Methodology Materials and chemicals

Extraction and hydrolysis of proteins
Proteins were extracted from defatted brans at pH 4.5 in the presence of vscozyme 3 FBG/g as previously described (Jodayree et al. 2012) . To perform the hydrolysis, protein isolates (19 g) were mixed with water (1:11 w/v) ratio. The pH was adjusted to 6.5 with 0.1 M NaOH. The protease, Protamex was added at 1:20 (E/S) ratio. The mixture was incubated at 50°C, 130 rpm for 2 h on the shaker incubator and the enzyme was inactivated by heating at 90°C for 10 min. The hydrolyzed proteins were obtained after centrifugation to remove insoluble proteins. It was then freeze dried and stored at -20°C until separation and testing.
Peptide fractionation by RP-HPLC
The fractionation of hydrolyzed oat bran proteins was carried out on a semi-preparative HPLC system that included 1525 binary pump, 2998 photodiode array detector (set at 280 nm), 2707 auto-sampler maintained at 8°C, and fraction collector III from Waters (Montreal, QC, Canada). The lyophilized oat bran protein hydrolysate was dissolved in 0.1 % acetic acid in water (Solvent A) at a concentration of 100 mg/mL and filtered through 0.45 lm nylon membrane. For each run, 2 mL were injected onto a Waters Prep XBridge BEH C18, 130 Å , 10 lm, 19 9 150 mm column. Peptides were eluted with a linear gradient of 95-5 % of solvent A over 54 min. Solvent B was 100 % methanol. Eluates were collected and pooled into eight fractions as shown in Fig. 1 . The solvent in pooled fractions was evaporated using a BUCHI Rotavapor Ò R-215 at 45°C, re-suspended in water and freeze dried. Protein contents of the oat bran hydrolysate and fractions were measured using a modified Lowry method (Markwell et al. 1978) .
Iron chelating assay
The metal chelating assay was measured according to a previously reported procedure (Xie et al. 2008 ) with some modifications. Oat protein hydrolysate, peptide fraction or GSH (1.425 mL of, 0.5 mg/mL) was mixed with 25 lL of FeCl 2 (2 mmol/L) and then 50 lL of 5 mM Ferrozine (3-(2-Pyridyl)-5,6-diphenyl-1,2,4-triazine-4 0 ,4 00 -disulfonic acid sodium salt) followed by vortex mixing. The mixture was incubated for 10 min at room temperature, after which 200 lL were transferred into a 98-well clear microplate and the absorbance was recorded at 562 nm. The chelating effect was calculated using the following equation:
Chelating effect (%) = [(A c -A s )/A c )] 9 100, where Ac and As are the absorbance of the control and sample respectively.
Calcium binding capacity
The calcium binding capacity was measured based on a previously reported procedure (Jung et al. 2006) . Oat protein hydrolysate and peptide fractions were dissolved in 20 mM sodium phosphate buffer (pH 7.8). In 1:1 ratio, seven different concentrations 0.2-1.0 mg/mL were mixed with 10 mM CaCl 2 in doubled distilled water. The reaction mixture was shaken and incubated at 25°C for 30 min. After the incubation, pH was adjusted to 7.8 using NaOH 0.1-0.5 M. The sample mixture was filtered using 0.45 lm nylon membrane (DIMA Glass Inc., Richmond Hill, ON) to remove non-soluble phosphate-calcium complexes. Calcium binding capacity was measured using a calcium ion-selective electrode and the Go-link interface (Merlan Scientific Ltd, Mississauga, ON).
Inhibition of linoleic acid oxidation
The in vitro lipid peroxidation inhibition activity was determined according to literature (Girgih et al. 2013) . Oat bran protein hydrolysates, peptide fractions and GSH, 0.5 mg/ml each were prepared in phosphate buffer (50 mM, pH 7.0). Each sample (0.4 mL) was added to 0.4 mL of linoleic acid (75 mM, 95 % ethanol) and then allowed to incubate at 60°C for 5 days. The degree of oxidation was determined at 24 h intervals, by measuring the ferric thiocyanate values as follows. An amount of each incubated sample (50 lL) was added to 2.35 ml of 75 % ethanol, 50 lL of 30 % ammonium thiocyanate and 50 lL of 20 mM ferrous chloride solution prepared in 1 M HCl. Mixtures were immediately vortexed and 200 lL were then transferred into a 96-well clear microplate and the absorbance was measured at 500 nm. The increase in absorbance is associated with the increase formation of linoleic acid hydroperoxides.
Mass spectrometry and identification of peptides
Analysis was performed at the Quebec Genomics Center (Sainte-Foy, QC, Canada). Peptides were identified in one of the HPLC fraction (F5) with lipid peroxidation and metal chelating activities. Experiments were performed with an Agilent nanoscale capillary liquid chromatography (nanoLC) coupled to a triple TOF 5600 plus mass spectrometer (AB Sciex, USA) equipped with a nano-electrospray ion source in positive mode. Peptides were separated for 60 min on PicoFrit 15-lm tip, BioBasic C18, 10 cm 9 75 lm column (New Objective, USA) using a linear gradient of 5-80 % of formic acid (0.1 %) in acetonitrile (Solvent B). Spectra were acquired using a datadependent acquisition mode (Analyst software version 1.6). Full scan mass spectrum (400-1250 m/z) was followed by collision-induced dissociation (MS/MS) of multiple charged peaks (2 ? -5 ? ). The Protein Pilot version 4.5 software (AB Sciex, USA) was used to generate MS/MS peak lists which were then analyzed using Mascot (Matrix Science, London, UK; version 2.4.1) and X! Tandem [The Global Proteome Machine, thegpm.org; version CYCLONE (2010.12.01.1)]. Search was limited to the TAX_Poeae_147387_20141216 database assuming nonspecific enzyme digestion. Fragment and parent ion mass tolerances were set to 0.100 Da. Scaffold version 4.4.1.1 (Proteome Software Inc., Portland, OR) was used to validate MS/MS data. Peptide identifications were accepted if they could be established at greater than 99 % probability to achieve a False Discovery Rate (FDR) less than 1.0 % by the Scaffold Local FDR algorithm.
Statistical analysis
Data were expressed as mean ± standard deviation from triplicates. One way ANOVA and Fisher's least significant difference test were used to determine significant differences between groups (p \ 0.05). IBM SPSS Statistics 21 (SPSS Inc., Chicago, IL) were used for all analyses.
Results and discussion
Fractionation of hydrolyzed proteins by HPLC and protein content of fractions HPLC was used to separate oat bran protein hydrolysates into different fractions. The stationary phase was C18 column, while the mobile phase was a gradient of water and methanol. Less hydrophobic molecules have little interaction with the C18 stationary phase, resulting in rapid elution with high water percentage solvent mixtures. In contrast, more hydrophobic samples stick on the stationary phase longer and are eluted later with increasing content of methanol and decreasing water. Eight peptide fractions were collected (Fig. 1) . Protein contents of fractions F3-F8 ranged from 70.0 to 104.31 %. Oat bran protein hydrolysate had 68.04 % protein which was lower compared to the fractions (F3-F8). Fractionation of oat protein hydrolysate then increased the protein content of most fractions. Most of non-proteins molecules were recovered in fractions 1 and 2 (less than 25 % proteins). These two early eluting fractions certainly contained sugars that have weak binding to the C18 column or salts used in various pH adjustments. Similar finding have been shown for fractions obtained after separation of other hydrolyzed food proteins (Girgih et al. 2013 ). F1 and F2 were not further investigated because of their low protein contents.
Iron chelating activity
The hydrolyzed proteins, OBPH had the highest (p \ 0.05) ferrous iron chelating activity (39.7 %) in comparison to peptide fractions F2-F8 (1.2-22.8 %; Fig. 2 ). The chelating activity of OBPH was similar to that of walnut protein hydrolysate (40 %; Chen et al. 2012) . Cysteine has been shown to play a role in the chelating activity of peptides. However, its effects alone may be limited, as GSH a cysteine containing peptide used as control had only 5.8 % ferrous ion chelating activity. Other studies have also reported a low ferrous ion chelating activity for GSH (Xie et al. 2008) . Amongst the fractions F7 had the highest chelating (22.8 %) followed by F5 with 12.1 % chelating activity. Negatively charged groups like carboxylic moieties in acidic amino acids (AAs) have excess electrons that enhance electrostatic and ionic interactions with iron and can result in an increase of chelating activity for peptides that contain these AAs (Zhu et al. 2008) . Histidine located at the N-terminal of peptides can also enhance metal ion chelation because of higher electron density of the imidazole ring (Prior et al. 2005; Girgih et al. 2013) . A number of peptides identified in fraction F5 (Table 1) contain AAs with carboxylate groups on their side chain or histidine that may have increased its chelating activities compared to F3, F4, F6 or F8. Data are however only qualitative and the true contribution of these peptides cannot be determined. In addition, if was not possible to obtain information of the sequences of peptides present in other fractions.
Calcium binding capacity
The iron chelating assay revealed that Fractions F5 and F7 were the two most efficient. It was then of interest to determine their calcium binding properties. It is known that peptides that bind calcium can increase their absorption and therefore their biological function (Chen et al. 2014 ). The binding activity of fractions F5 and F7 ranged from 0.6 to 1.0 mg/L for peptide concentrations between 0.2 and 1.0 mg/L. These values were very weak as they were close to the control (i.e. no peptide) value. Calcium binding properties of hydrolyzed proteins from some foods have been investigated and in general those from animal derived proteins appeared to perform better. At peptides concentration with the ranged of those tested here, calcium binding activities of 36.3 and 32.0 mg/L for milk and fish peptides, respectively were reported (Jiang and Mine 2000; Jung et al. 2006) . In both cases, the activity was attributed to the presence of phosphoryl groups, serine or aspartic acid that are electron rich. Soluble calcium concentration in the presence of fish peptide fractions from membrane separation was reported to vary from 6 to 25 mg/L (Jung and Kim 2007) . Hydrolyzed proteins from wheat germ were demonstrated to bind 5-16 mg of calcium/g depending on the protease used after 2 h digestion (Liu et al. 2013 ). These results indicate that the type of enzyme used for proteolysis has an effect on the calcium binding capacity and different proteases may produce different results for oat bran proteins. Fractionation based on charge may also enhance the binding activity of food peptides (Jung et al. 2006 ).
Inhibition of lipid peroxidation
Fatty acids are the main building blocks of phospholipids and triglycerides and depending on their degree of unsaturation they can be readily oxidized under various conditions (Shahidi and Zhong 2010) . Oxidized lipid in the form of hydroperoxides convert ferrous ions (Fe 2? ) to ferric ions (Fe 3? ) and the later react with ammonium thiocyanate to generate a colored complex whose absorbance is proportional to the degree of oxidation (Girgih et al. 2013) . The presence of antioxidant molecules decrease the color intensity. Linoleic acid (LA) that can be autoxidized to generate hydroperoxides at position 9, 11 and 13 is often used to test the ability of molecules to prevent or retard the oxidation of lipids. After 24 h (i.e. day 1), there was no difference in peroxide values of sample control linoleic acid (LA) and peptides fractions (Fig. 3) . As the incubation time increase, all fractions tested significantly inhibited LA hydroperoxides compared to control with no peptides. F3 and F4 were the most active and no increase of the formation of lipid peroxides was observed in fractions that contain them. The second most active was F5 and the nonfractionated hydrolysate. The tripeptide GSH had no effect. Hydrophobicity and amino acids like histidine or methionine are considered to be very important in the ability of peptides to inhibit lipid oxidation (Chen et al. 1998 (Chen et al. , 2012 . In the present study hydrophobicity alone did not seem as important because fractions F6-F8 eluted with more proportion of organic solvent have the least activity. When lipid are oxidized especially in the model system like LA emulsion, the peroxide group moves to the surface where it can be reduced by molecules with more affinity for aqueous environment. This can explain the better activity of F3-F5 in the present work. Using synthetic peptides it was demonstrated that those with histidine at the N-terminal better inhibited the formation LA hydroperoxides compared to the ones with histidine at other positions (Chen et al. 1998) .
Identification of peptides
A hybrid quadrupole time-of-flight instrument was used for identification of peptides in F5 which appeared to possess good ferrous ions chelating activity and good inhibition of the formation of linoleic acids hydroperoxides. Multiplecharge ion scanning was conducted thereby, facilitating the identification of peptides over other molecules that may have been present. MS/MS data were automatically obtained for peaks with charges of 2 ? -5 ? . Peak lists were analyzed using Mascot TM and X! Tandem as described in the methodology section and were statistically interpreted using Scaffold, a software for validating MS/MS data (Searle 2010 ).
The total ion count chromatogram of F5 (Fig. 4) indicated that it was a complex mixture with ion peaks appearing between 25 and 45 min. An example of a TOF MS scan at 38.15 min is displayed in Fig. 5 . Products spectra (MS/MS) and database searches allow the identification of the peptides with more than 99 % probably. Peaks at m/z 6.77.01 and 1015.51 correspond to DVNNNANQLEPRQKEFL that was triple and double charged, respectively; m/z 622.82 to TSLVPQTQSIAV; m/z 592.82 to LGISQQAAQRIQSQKEQRGEI; and m/z 556.30 to VSHIAGKSSIL. The major peak in Fig. 5 is attributed DVNNNANQLEPRQKEFL and this is because it is derived from five different oat proteins, four other peptide identified (Fig. 1) are also derived from its direct breakdown. Other peaks present in Fig. 5 were not assigned to peptides. The list of all identified peptides in this study is shown in Table 1 from 11S and 12S globulins, 12S seed storage globulin, avenin and gliadin like avenin proteins. Twenty seven of the identified peptides contain tyrosine or tryptophan and amongst these fourteen also contain histidine. The presence of these are amino acids is addition to their position on the sequence are known to contribute to both chelating and lipid peroxidation activities (Chen et al. 1998; He et al. 2013; McDermott 2009 ). Although, some identified peptides also contain glutamic and aspartic acids which can interact with calcium (Cariolou and Morse 1988; Vavrusova and Skibsted 2013) , F5 did not displayed calcium binding activities. This may be because their position or the length the sequence did not allow proper interaction. It is also possible that the amount of peptides containing these two AAs in F5 were small as MS/MS data were only qualitative.
Conclusion
Chromatographic separation of Protamex digested oat bran proteins and metal chelating testing showed that the two fractions (F5, F7) with higher ferrous ions chelating activities did not possess calcium binding properties suggesting different chelating mechanism. In the linoleic acid peroxidation assay, both fractions inhibited the formation of lipid peroxide with F5 being more active than F7. These fractions can be further tested for their ability to retard lipid oxidation in food systems. Many peptides were identified in F5 and it will be interesting to test the ones that contain amino acids known to contribute to chelating and radical scavenging properties.
